An in situ surface study of the carbon dioxide corrosion of mild steel has been undertaken using the tandem technique of mixed potential/synchrotron radiation-grazing incidence X-ray diffraction ͑SR-GIXRD͒. Long-term monitoring of the mixed potential showed there was an initial shift toward cathodic potentials attributable to preferential suppression of the cathodic half-reaction ͑viz., the reduction of carbonic acid͒, probably due to the formation of an adlayer of corrosion product physically blocking the cathodic reaction sites during the uniform corrosion of mild steel. Subsequently, the mixed potential displayed a gradual shift to anodic potentials, symbolizing the preferential suppression of the anodic half-reaction as the primary corrosion products ͓viz., Fe 2 ͑OH͒ 2 CO 3 , Fe 2 O 2 ͑CO 3 ͒, Fe 6 ͑OH͒ 12 ͑CO 3 ͒, and Fe 6 ͑OH͒ 12 ͑CO 3 ͒·2H 2 O͔ acquired a sufficient thickness to physically block the interface against further corrosion. Nevertheless, the corrosion product continues to grow over time, indicating that the corrosion product is discontinuous and porous, allowing the ingression of electrolyte to enable the further corrosion of the mild steel. This research has important ramifications for the field of corrosion research; it should enable researchers to develop improved methods of chemical inhibition by using compounds that can actually bind to the newly postulated corrosion products on mild steel.
The carbon dioxide corrosion ͑corrosion induced by carbonic acid͒ of mild steel is a major problem incurred during the production of oil and gas. 1 It can cause catastrophic damage to flow lines, and can result in lost production and costly maintenance.
Mild steel is a cost-effective material for use in operating oil fields despite its relatively high corrosion rate. To mitigate corrosion problems, mild steel is often used with an appropriate corrosion control and prevention practice ͑viz., the use of adsorption corrosion inhibitors͒. To this end, it is widely accepted that corrosion inhibitors should be designed to bind to the corrosion products formed during the carbon dioxide corrosion of mild steel. 2 The exact nature of the corrosion product formed during the carbon dioxide corrosion of mild steel is yet to be elucidated, as ex situ surface analysis techniques are perceived to alter the nature of the corrosion products via aerial oxidation of the air-sensitive iron carbonate phases. [3] [4] [5] Nevertheless, ex situ X-ray diffraction ͑XRD͒ studies have identified siderite ͑FeCO 3 ͒ as the primary corrosion product on mild steel substrates subjected to carbon dioxide corrosion. 6, 7 Previous ex situ X-ray photoelectron spectroscopy ͑XPS͒ and in situ surface-enhanced Raman spectroscopy ͑SERS͒ 8, 9 have also identified iron oxides/iron hydroxides/iron carbonates on a mild steel substrate electrode subjected to carbon dioxide corrosion. The detection of iron oxides/iron hydroxides in these ex situ XPS experiments inferred that aerial oxidation of the iron carbonate corrosion product, following removal of the specimen from solution, is the cause of an oxygen/water-induced oxidative/hydrolytic decomposition of the corrosion scale. However, the achievement of a similar surface analysis outcome in an in situ Raman study demonstrated that the carbon dioxide corrosion product is quite complex, comprising possibly a mixed iron oxide/iron hydroxide/iron carbonate phase on the electrode surface.
For chromium steels, Al-Hassan et al. 7 have identified the formation of Fe 2 ͑OH͒ 2 CO 3 above 60°C. This phase would explain many of the apparent anomalies that have been ascribed, possibly incorrectly, to the aerial oxidation of iron carbonate in ex situ surface studies.
Recently, XPS, XRD, and scanning electron microscopy ͑SEM͒ have been employed in detailed surface studies of the carbon dioxide corrosion of mild steel, 10, 11 showing that iron carbonate, along with complex iron calcium carbonate, and ␣-FeO͑OH͒ tended to form on the surface of the corroded specimen. Wu et al. 11 proposed that the iron carbonate phase was unstable in air, and this phase partially decomposed into ␣-FeO͑OH͒ during ex situ surface analysis.
In this study, the authors have adapted an in situ grazing incidence X-ray diffraction ͑GIXRD͒ method, originally developed [12] [13] [14] for studies of pitting corrosion by copper, along with the formation of silver halide films on metallic silver during the anodization of the metal in potassium halide salts, to a study of the carbon dioxide corrosion of mild steel. It is important to note that in situ GIXRD measurements with a laboratory-based diffractometer, even through a thin electrolyte stream that is 16 m in thickness, are very noisy due to the severe attenuation/scattering of the X-ray beam by water. Consequently, the authors have developed a synchrotron radiation-GIXRD ͑SR-GIXRD͒ technique to enable a substantial enhancement of the signal-to-noise ratio of measured SR-GIXRD patterns, so as to elucidate the structural chemistry of the corrosion product formed on mild steel during carbon dioxide corrosion.
Despite the previous research on the nature of the corrosion product for the carbon dioxide corrosion of mild steel, there is a lack of understanding of the exact chemical nature of this corrosion product. There has been no attempt to identify the exact phase chemistry of the corroding steel surface using an in situ SR-GIXRD technique, and this is the scope of the present research. A previous in situ SR-GIXRD study on the mercury and iron chalcogenide glass sensors 15, 16 demonstrated the power of this technique for elucidation of the surface chemistry of a reactive electrochemical system. Consequently, the present research has focused on an in situ identification of specific phases formed on the steel surface under conditions simulating those in an oil field. It is envisaged that this research will provide new insights into the surface chemistry of a mild steel surface undergoing carbon dioxide corrosion, enabling the development of innovative strategies to control the carbon dioxide corrosion of mild steel ͑e.g., new corrosion inhibitors that preferentially chemisorb to the steel corrosion product͒.
Experimental
The in situ SR-GIXRD study of the mild steel electrode was performed on Beamline 20B at the Photon Factory in Tsukuba Japan using the "BIGDIFF" diffractometer, using the previously described electrochemical cell. 15, 16 This instrument employs a Si͑111͒ channel cut monochromator set to deliver a wavelength of 1.000 Å, and parallel beam optics which provided an incident beam with dimensions that are 100 m and 2 mm in the vertical and horizontal directions, respectively. SR-GIXRD patterns were recorded using Fuji imaging plates for a data collection time of 20 min, at an angle of incidence of 0.5°. Under these conditions, total external reflection of the incident X-ray beam occurs, and the depth of penetration of the beam and concomitant sampling depth are estimated at 195 nm ͑based on an estimated linear attenuation coefficient of 894.8 cm −1 for iron at a wavelength of 1.000 Å and ␣ = 0.5°͒.
Brine electrolyte ͑3% w/v spiked with 100 mg L −1 NaHCO 3 ͒, saturated with high-purity carbon dioxide ͑i.e., 99.999 wt %͒ by continuous sparging of the electrolyte reservoir at atmospheric pressure for at least 2 h, was continuously pumped through the flow cell at a flow rate of 4 mL min −1 , and the solution was suctioned through the cell and pumped into the electrolyte reservoir to minimize expansion of the electrolyte thickness and the concomitant attenuation/ absorption of the incident X-ray beam by water in the cell. Furthermore, a wavelength of 1.000 Å was selected to minimize attenuation/absorption of the incident X-ray beam by air and the electrolyte.
The specially designed flow cell 15 was attached to the goniometer head of the diffractometer at Beamline 20B, and it incorporated a 20 m thick Kapton window. A low flow of carbon dioxide saturated brine electrolyte was pumped continuously through the system using an Autoclude ͑model VTL͒ peristaltic pump. The electrolyte reservoir also housed a platinum-wire counter electrode and Orion double-junction sleeve-type reference electrode ͑model 900200͒, and these, along with the mild steel working electrode, were connected to the EG&G PAR 273A potentiostat housed at Beamline 20B to simultaneously monitor the mixed potential.
The 2-theta scale of the "BIGDIFF" diffractometer was calibrated by sprinkling a thin coating of high-purity silicon powder onto the dry substrate electrode at the end of the experiment, and comparing the observed Bragg reflections with those found in the X-ray diffraction database for polycrystalline silicon powder.
Identification of surface chemical phases was undertaken using the Jade 6.0 program, which incorporates a comprehensive listing of the powder diffraction patterns of all known phases. Furthermore, the SR-GIXRD data reported in this paper were manually compared with the patterns of all possible and plausible phases in the database.
Results and Discussion
During total external reflection of the X-ray beam at angles of incidence below the critical angle, the SR-GIXRD technique achieves a high surface sensitivity due to the short depth of penetration, or sampling depth of the X-ray beam, into the mild steel substrate ͑i.e., 195 nm͒. Figure 1 presents a 3D overlay of the SR-GIXRD patterns, expanded in four regions of interest, obtained for a mild steel electrode exposed to an electrolyte comprising 3% w/v sodium chloride and 100 mg L −1 NaHCO 3 that has been saturated with high-purity carbon dioxide. The electrode's mixed potential is included as secondary z axes abutted to the extreme left sides of the diagrams.
It can be seen that the initial cathodic shift in electrode potential, ascribable to preferential suppression of the cathodic half-reaction, is linked to the initial formation of the iron-oxy carbonate phase at the cathodic reaction sites ͑as will be discussed in the following text͒. Alternatively, the anodic shift in potential, which is due to preferential suppression of the anodic half-reaction, occurs later in the corrosion run, and is affiliated with the formation and build-up of the iron-oxy carbonate and iron-hydroxy carbonate corrosion products at anodic reaction sites. The mixed potential of the corroding steel electrode is governed by the intersection of the Evan's diagrams for the anodic ͑oxidation of ␣-Fe͒ and cathodic ͑reduction of carbonic acid͒ half-reactions, and preferential suppression of ei- Figure 1 . In situ SR-GIXRD diffraction patterns at ␣ = 0.5°and = 1 Å for a corroding mild steel electrode exposed to 3%͑w/v͒ NaCl containing 100 mg L −1 NaHCO 3 that has been saturated with high-purity carbon dioxide.
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The . Note that ␣-Fe's Bragg reflections for the steel substrate electrode appeared as comparatively broad peaks at 2-theta angles of 28.6 ͓␣-Fe ͑110͔͒ and 40.8°͓␣-Fe ͑200͔͒, and ␣-Fe's other diffraction peaks at 50.6 ͓␣-Fe ͑211͔͒, 59.1 ͓␣-Fe ͑220͔͒, 67.0 ͓␣-Fe ͑310͔͒, and 74.4°͓␣-Fe ͑222͔͒ were evident on the second imaging plate ͑not shown͒, although no other diffraction peaks could be discerned on the second imaging plate, even after corrosion of the steel electrode for 27 h. Some of the diffraction peaks mentioned ͑viz., 7.6, 15.3, 21.5, and 24.1°͒, along with an additional peak at 29.8°, may be attributable to the Fe 6 ͑OH͒ 12 CO 3 and Fe 6 ͑OH͒ 12 CO 3 ·2H 2 O phases, respectively. Furthermore, the dual observations of corrosion product and ␣-Fe substrate SR-GIXRD diffraction peaks symbolize that the corrosion product film is relatively thin.
Interestingly, the present in situ mixed potential/SR-GIXRD data show that the common conception that siderite, FeCO 3 , is the primary corrosion product of the carbon dioxide corrosion of mild steel is strictly incorrect. It is evident that the initial corrosion film comprises a combination of iron-oxy carbonate and iron-hydroxy carbonate phases, and these are obviously the precursors for the ultimate formation of siderite. Note, FeCO 3 is a sparingly soluble salt with a low solubility product ͑viz., log K sp = −10.505͒, 17 and the corroding steel electrode must corrode for a long period of time ͑viz., 523 h, or 21.8 days͒ to generate sufficient Fe 2+ in the electrolyte to exceed the solubility product of FeCO 3 ͓estimated using a typical room temperature corrosion rate of 3 mm year −1 or 1.95 ϫ 10 −5 mol h −1 for a 4 cm 2 electrode area with = 7.86 g cm −3 , which can create enough Fe 2+ ͑viz., 0.0408 mol L −1 ; see Ref.
18 for the details of the equilibrium calculations͒ to saturate the electrolyte ͑250 mL͒ with FeCO 3 at pH = 4.45 and pCO 2 = 1 bar͔. Clearly, the previous observations of siderite as the corrosion product relate to scenarios in which the corroding electrolyte had been sufficiently saturated with FeCO 3 over an extended period.
In summary, the following reaction scheme can be used to rationalize the observed changes in mixed potential and SR-GIXRD data for the carbon dioxide corrosion of mild steel. During the initial stages of corrosion, when the steel electrode displays a cathodic shift in mixed potential and the Fe͑III͒ compound, Fe 2 O 2 CO 3 , is formed, it is very likely that this behavior is due to preferential deposition of reaction product at cathodic sites by a chemical reaction between carbonic acid and the poorly crystalline native oxide film on the mild steel ͓viz., FeO͑OH͒ as detected by Wu et As the Fe 2 ͑OH͒ 2 CO 3 corrosion product builds up with time, it causes a gradual shift in mixed potential in the anodic direction due to preferential suppression of the anodic half-reaction.
Another interesting feature of the present SR-GIXRD results is that the in situ observations, which have avoided exposure of the so-called unstable corrosion product of siderite to air and precluded its aerial oxidation and hydrolysis to iron-oxy and iron-hydroxy phases, have led to the formation of mixed iron-oxy and ironhydroxy carbonate phases. Clearly, the products of the carbon dioxide corrosion of mild steel are more stable to air than previously thought, and the results of ex situ surface analyses, such as those of Al-Hassan et al., 7 appear to be credible and reliable, despite the perceived uncertainty of the aerial oxidation of the corrosion product on exposure to air.
Conclusions
The results of this study demonstrate the power of in situ potentiometry/SR-GIXRD for elucidation of the mechanistic chemistry of electrochemical systems such as the carbon dioxide corrosion of mild steel.
In this study, the new in situ surface analysis technique showed that an initial cathodic shift in potential is ascribed to the initial formation of an adlayer of Fe 2 O 2 CO 3 , presumably at the cathodic reaction sites, followed by the subsequent evolution of Fe 2 O 2 CO 3 and Fe 2 ͑OH͒ 2 CO 3 phases at anodic reaction sites over time.
Clearly, the discrepancies in the present in situ potentiometry/ SR-GIXRD results compared to previous ex situ surface analysis data highlight the need for a multitechnique approach for the study of the surface chemistry of corrosion systems. It can only be ensured that technique artifacts are minimal and proposed corrosion products are credible if the outcomes of in situ and ex situ surface analyses converge, as well as provide complementary information.
